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Abstract: Predicting the tribological behaviour in the secondary shear zone in the metal-cutting
processes is considered a significant challenge in contemporary research. This work investigated
the frictional performance in the secondary shear zone of a planing process using a modified ball-
on-disc open tribometer. The values of the coefficient of friction (COF) were tracked between an
AISI4140 + QT disc (chip) and a cemented carbide ball (cutting tool) coated with TiAlN under three
contact pressures of 0.5, 1, and 2 GPa at a range of sliding speeds starting from 0.2 m/s to 1.6 m/s. The
tests were conducted under both dry and lubricated conditions using three commercial cutting fluids
of CSF 35 straight oil, Vasco 6000, and Zubora 67H emulsions. Also, the MWFs were tested for their
rheological properties and wettability. The tribometer results validated the same COF trend as that
in the actual metal-cutting experiments, particularly at 0.5 and 1 GPa in dry conditions. Moreover,
Zubora 67H emulsion is proven to be the optimal choice due to it reducing the COF between the
rubbing contacts by up to 78%. Furthermore, it showed the lowest contact angle and viscosity index,
revealing its ability to easily penetrate, especially at higher temperatures, within the secondary
cutting zone.

Keywords: open tribometer; ball-on-disc; rheology; wettability; metal cutting fluid; tribology;
planing process

1. Introduction

Metal-working fluids (MWFs) have been in use since the 19th century, participating
in the total production cost by up to 17% [1,2]. Until now, conventional mineral oil has
been considered the most common cutting fluid that is widely used in machinery in either
straight form or emulsified with water. Also, petroleum products, which exist in mineral
oils, were found to have a notable share in up to 85% of the overall consumed MWFs [1,3].
The main reasons behind that are attributed to the mineral oil’s outstanding lubricating
characteristics as well as the significant impact of the additives and modifiers used to
improve its tribological, cooling, and physicochemical properties [4–6].

Despite using the MWFs to reduce heat and improve tribological performance, there is
still a great need of improving the machinability of materials through optimising the cutting
process parameters [7]. These parameters, particularly in terms of cutting speeds and feed
rates, have become a focal point in contemporary manufacturing. By optimising these
parameters, elevated cutting regimes can be achieved, ultimately boosting productivity
in cutting operations [8]. Consequently, this increase in productivity is accompanied by a
significant rise in temperatures due to high frictional forces in the cutting interfaces, which,
in turn, accelerates tool wear and leads to rapid deterioration of the cutting tools.
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To address this challenge, the previous literature has put forth two primary solutions.
The first solution involves the development of a precise and reliable model for predicting
temperature and tribological parameters under various cutting parameters, utilising finite
element analysis [9]. However, because of the substantial variation in relative speeds
between the primary and secondary zones and the difficulty in maintaining constant
pressure across the cutting interfaces [10], this approach can yield only approximate values
without considering other cutting parameters. As a result, this solution falls within the
realm of providing approximate validation for experimental data, rather than being the
primary source of reliance.

Turning to the second one, this consists of employing the experimental investigation
to track the tribological and thermal parameters along the cutting operation. It involves
using either actual cutting operations or customised tribotesters [11]. Regarding the actual
cutting, conventional sensors, such as dynamometers, have been employed to track the
normal and tangential forces during the cutting action in order to obtain the resultant force,
which is used in friction coefficient (COF) calculations. Also, the temperature is recorded
along the cutting process. However, it is still difficult to comprehensively explain the
temperature variations and local contact pressures along the cutting interfaces, especially
in the secondary zone [12].

Therefore, customised tribotesters, such as ball-on-disc [13] and pin-on-ring [14],
emerged as efficient solutions to precisely control the contact conditions. They are mainly
based on initiating a relative motion between the ball or the pin, which is fabricated from
the cutting tool material and the disc or the ring, which is made of the same workpiece
material. In prior research, Liu and Pape explored the suitability of the EHL ball-on-disc test
rig, pin-on-ring, and pin-on-plate tribotesters for investigating metalworking fluids (MWF).
Their studies revealed insights into the impact of boundary films on the frictional properties
during metal cutting [15,16]. A previous research article considered employing a cylinder-
on-disc tribometer in order to evaluate frictional forces and wear values for different coated
cylinders at long distances and a high sliding speed range of 0.5–3 m/s. It was found that
applying Al2O3 in coating has a negative effect on wear characteristics, especially at lower
speeds. Conversely, TiN and TiC coatings showed outstanding wear resistance throughout
the overall speed range. However, the tests were kept running on the same contact surface
without regeneration with a limited contact pressure value of less than 10 MPa [17].

Another research work conducted by Olsson et al. [18] studied the relation between
the sliding wear and sliding speed of a cemented carbide cutting tool coated with TiC and
another of high-speed steel coated with TiN. They employed a modified pin-on-ring setup
for the test with a refreshed surface. It was found that the critical cutting speeds for TiC pins
were between 150 and 200 m/min, while the TIiN pins accounted for 50 to 75 m/min. The
wear behaviour after those speeds started to increase exponentially, showing higher values
in the case of TiN-coated pins due to thermal softening. Moreover, they compared the wear
mechanisms with that in the actual cutting from previous literature, revealing nearly the
same mechanisms. While their published article marked a significant achievement, it is
worth noting that the sliding distance range was restricted, and the pressure values were
still insufficient (15 MPa).

Despite substantial efforts in using tribotesters to simulate real cutting processes, the
techniques employed have fallen short of delivering satisfactory results. This is primarily
due to two main reasons. First, most of these methods often work on the same surface
without ongoing contact regeneration (closed tribometers), which does not align with
machining requirements. In machining, the cut surface continually interacts with the tool,
either the flank or rake surfaces, only once before the chip forms and is subsequently
removed [7,8]. The second concern relates to the constrained sliding distance, pressure,
and velocity ranges, which must be broadened to encompass the full spectrum of actual
cutting conditions.

Several research articles proposed modified open tribotesters as an efficient solution
for the previous issues [19,20]. Rech et al. [21] developed an open tribometer based on the
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pin-on-ring setup attached to a CNC lathe to mimic the cutting process through studying
a wide range of contact pressures (up to 3 GPa) and sliding speeds (up to 5 m/s). Their
aim was to study the frictional behaviour along with the heat partition parameter. They
found that the heat parameter and COF kept a drastic decrease while the cutting velocity
increased on dry conditions. However, in lubricated cases, those curves were reaching near
constant values, even at higher cutting velocities. The previous results were confirmed by
the ABAQUS simulation tool in the same study with a maximum difference of 20%.

A recent investigation developed a high-speed pin-on-bar tribometer in order to
evaluate the COF in the drilling of C45 steel. The study involved evaluating and comparing
the COF when utilising the test rig as both a closed and open system. It was revealed that
the COF in the closed system was higher compared to the open system. The main reason
behind that was attributed to the increased contact area in the closed system, resulting
in elevated temperatures and the promotion of plastic deformation. Additionally, there
was a clear direct correlation between the COF and the applied contact pressure in the
open system, while it displayed an inverse relationship with sliding velocities. In the
closed system, the COF exhibited an inverse relationship with both contact pressure and
sliding velocities [22].

Based on the previous literature, it can be observed that most of the tribotesters are
based on using a pin to simulate the cutting tool. However, there is a significant shortage in
the articles concerned with employing a ball-on-disc configuration in evaluating COF for
cutting operations. A ball-on-disc tribotester is the most common device used in evaluating
the tribological characteristics of lubricants and surface interactions [23,24] due to its
wider speed range, high stability, and affordability [25]. Previous research articles have
considered the application of ball-on-disc with a contra-rotation idea to evaluate the scuffing
phenomenon. The main advantage behind this was the higher operating speeds that can
be reached, with negligible entrainment velocity, which prevents the elastohydrodynamic
film formation maintaining the boundary condition. Also, this technique allows for more
uniform distributed along the disc surface with nearly constant contact pressure [26,27].

Hence, the objective of this study was to examine the influence of both dry and
lubricated conditions on a specially designed open ball-on-disc tribometer that incorporates
contra-rotation, simulating the secondary zone in the cutting process. The investigation
involves the use of three different types of MWFs to evaluate their impact on frictional
behaviour. The obtained results are to be compared with those derived from the real cutting
process using a planning operation. Additionally, the physical characterisation of cutting
fluids, employing viscosity measurements, and wettability analysis were incorporated to
illustrate the behaviour of each cutting fluid.

2. Materials and Methods
2.1. Materials and Characterisation

In this study, AISI4140 + QT steel was selected as the disc material. This choice
was influenced by its extensive use in highly stressed components, such as crankshafts
in critical industrial applications. This type of steel possesses outstanding mechanical
properties in terms of high strength (≥1000 MPa) and toughness [28]. As for the balls,
they were produced from tungsten carbide with 6% cobalt (Co). Notably, the average
surface roughness values (Ra) were adjusted to be Ra = 0.07 µm for the steel disc, while
the ball’s surface retained a value of Ra = 0.02 µm. Additionally, the experimental setup
included the application of three distinct commercial MWFs to the rubbing contact, which
were Vascomill CSF 35 oil and BLASER Vasco 6000 emulsion, both from the Blaser Swiss-
lube company, Switzerland, and the Zubora 67H emulsion from Zeller + Gmelin GmbH,
Eislingen, Germany. Table 1 shows detailed information about the applied MWFs.
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Table 1. Properties of the proposed base oils.

Item Vascomill CSF
35 Oil Blaser Vasco 6000 Zeller + Gmelin

Zubora 67H Extra

Viscosity at 40 ◦C 35 mm2/s 42 mm2/s 39 mm2/s
Density at 20 ◦C 0.90 g/cm3 0.99 g/cm3 0.98 g/cm3

Structure Ester-based oil

Fully synthetic
emulsion based on 10%

ester-oil and 90%
deionized water

Semi-synthetic emulsion
based on 10% mineral-oil
and 90% deionized water

Flash point ◦C 310 129 >100

2.2. FTIR Anaylsis

The chemical composition of MWFs was evaluated by analysing the functional groups
present in their structure using Fourier transform infrared spectroscopy (FTIR). A Perkin Elmer
Spectrum 100® FTIR (Perkin Elmer Company, Hamburg, Germany) was utilised for this purpose.
The analysis covered a broad spectrum of wavenumbers, ranging from 650 to 4500 cm–1 with
a resolution of 0.5 cm–1. The acquired spectra were then compared with the manufacturer
specifications for each cutting fluid to facilitate a comprehensive discussion.

2.3. Rheological Behavior

The physical characteristics of the applied MWFs were assessed in terms of their
rheological behaviour using a rotational rheometer (Kinexus Prime lab + Netzsch GmbH,
Germany), as illustrated in Figure 1. A sample volume of 0.3 mL of the base oil was intro-
duced into the testing setup to be tested over a wide spectrum of shear rates, starting from
0.1/s to 100/s. Tests were carried out at various temperatures starting from 20 ◦C to 100 ◦C
to analyse the temperature-dependent behaviour of each cutting fluid with two repetitions.
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2.4. Ball-on-Disc Open Tribometer

The experimental setup used in this study is based on an optical ball on disc tribome-
ter used to measure the lubricant film thickness in the elastohydrodynamic lubrication
condition (EHL). The setup originally depends on a pure rolling action between a rotating
glass disc and a free ball loaded with a lever mechanism. However, the tribotester was
developed in this study by replacing the glass disc with an AISI4140 + QT steel one, which
was of the same workpiece (chip) material. Regarding the ball, it was manufactured from
cemented carbide (WC-6Co) coated with TiAlN, simulating the cutting tool material. A
specific shaft was designed to connect the ball to a driving motor in order to achieve the
contra-rotation action. A Burster torque sensor of 2 N·m range and 0.2 N·m sensitivity,
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which was operated using the power source, was placed between the ball shaft and the
motor to evaluate the torque consumed in the contra-rotation action, as shown in Figure 2.
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The test started with loading the ceramic ball against the rotating disc to reach three
different contact pressures of 0.5, 1, and 2 GPa. Then, the ball began to rotate with ω2
in the opposite direction of the disc (ω1), but with the same sliding speed to achieve
the contra-rotation action with zero entrainment speed. For each loading condition, four
sliding speeds of 0.1, 0.2, 0.4, and 0.8 m/s were tested, separately, at each loading condition
to record the frictional behaviour at different positions on the secondary cutting shear
zone. For each sliding speed, a fresh surface was exposed to testing in order to maintain
an open system. This was achieved by moving the table holding the disc with 150 µm
distance before switching to the subsequent sliding speed, which was controlled by a
displacement sensor of sensitivity of 100 µm, as shown in Figure 2. The testing speeds were
to be multiplied by 2 due to the contra-rotation action (according to Equation (1)) to cover a
speed range of 0.2 m/s to 1.6 m/s:

Us = U1 − U2, (1)

where U1 is the sliding velocity of the disc and U2 is the sliding velocity of the ball.
Firstly, the test was conducted at the dry condition to obtain a standard COF value for

comparison, and then the COF was evaluated under lubricated conditions using the three
types of MWFs at each contact pressure and sliding speed. A Grothen DC 12V pump was
employed to supply each fluid to the contact zone. After this, the frictional torque values
with time were recorded using a specially designed LabVIEW program, and then the COF
was calculated according to Equation (2). Each test was repeated two times to ensure the
reliability of results with an error of up to ±0.3%.

µ = Tf/Fr, (2)

where Tf is the average frictional torque value, F is the applied normal load, µ is the average
COF value, and r is the ball radius.

2.5. Wettability Analysis

The wettability characteristics of the MWFs were evaluated by measuring the con-
tact angle of each fluid with the steel surface. A Krüss EasyDrop (FM40, KRÜSS GmbH,
Hamburg-Nord, Germany) goniometer device was employed for this type of testing by
placing a 0.3 µL liquid droplet to the steel substrate at room temperature (20 ◦C). Subse-
quently, the interfacial contact between the steel substrate and the droplet was captured
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by a high-quality CCD camera, and the contact angle was evaluated using SW21 (DSA 1)
software with four repetitions.

2.6. Orthogonal Cutting

For orthogonal cutting tests, a planing test rig was used. Due to the linear direct drive,
this test rig enabled a cutting speed of up to Vc = 500 m/min and maximum forces of
Fmax = 7.2 kN. A Kistler Dynamometer of type 9257B was used to measure the process
forces. A high-speed camera of the type Photron Nova S20 was used at a frame rate of
15,000 FPS and an exposure of 1/50,000 s. Due to the image resolution of 1024 × 1024 px
and the 14× magnification, the minimal length, which can be measured, was 1.42 µm. The
experimental setup can be seen in Figure 3. Quenched and tempered steel AISI4140 + QT
was used as the workpiece material. As shown in Figure 3c, the workpiece had a section
with increasing height with 2.5 µm/mm of length 100 mm and a section of constant height
with a length of 20 mm. Therefore, in every experiment, the uncut chip thickness varied
from h = 0 µm up to hmax = 0.1 mm. The minimal chip thickness hmin was determined
using the high-speed recordings in order to calculate the mechanical load on the flank
face. For all experiments, a chip width of b = 2 mm was used. As a tool, cemented carbide
of the type K68 from Kennametal with an additional TiAlN-coating with a thickness of
3 µm and a geometry of the type SNMA 120408 was used. Due to the tool holder, the rake
angle was set to γ = 0◦; therefore, a clearance angle of α = 15◦ was ground on the tool.
Additionally, the cutting tool had a symmetric cutting edge rounding of S = 37 µm. Every
cutting experiment was repeated twice. A detailed description of the measurement errors
of the method for determining the normal and tangential stress at the cutting edge can be
found in [29]. The measurement uncertainty for the normal stress at the rake face was 6.3%.
Due to the short cutting time of 0.06 s, geometric changes to the cutting wedge caused by a
wear-like crater or flank wear were negligible.

Lubricants 2024, 12, x FOR PEER REVIEW 6 of 18 
 

 

2.5. Wettability Analysis 
The wettability characteristics of the MWFs were evaluated by measuring the contact 

angle of each fluid with the steel surface. A Krüss EasyDrop (FM40, KRÜSS GmbH, Ham-
burg-Nord, Germany) goniometer device was employed for this type of testing by placing 
a 0.3 µL liquid droplet to the steel substrate at room temperature (20 °C). Subsequently, 
the interfacial contact between the steel substrate and the droplet was captured by a high-
quality CCD camera, and the contact angle was evaluated using SW21 (DSA 1) software 
with four repetitions. 

2.6. Orthogonal Cutting 
For orthogonal cutting tests, a planing test rig was used. Due to the linear direct drive, 

this test rig enabled a cutting speed of up to Vc = 500 m/min and maximum forces of Fmax 
= 7.2 kN. A Kistler Dynamometer of type 9257B was used to measure the process forces. 
A high-speed camera of the type Photron Nova S20 was used at a frame rate of 15,000 FPS 
and an exposure of 1/50,000 s. Due to the image resolution of 1024 × 1024 px and the 14× 
magnification, the minimal length, which can be measured, was 1.42 µm. The experi-
mental setup can be seen in Figure 3. Quenched and tempered steel AISI4140 + QT was 
used as the workpiece material. As shown in Figure 3c, the workpiece had a section with 
increasing height with 2.5 µm/mm of length 100 mm and a section of constant height with 
a length of 20 mm. Therefore, in every experiment, the uncut chip thickness varied from 
h = 0 µm up to hmax = 0.1 mm. The minimal chip thickness hmin was determined using the 
high-speed recordings in order to calculate the mechanical load on the flank face. For all 
experiments, a chip width of b = 2 mm was used. As a tool, cemented carbide of the type 
K68 from Kennametal with an additional TiAlN-coating with a thickness of 3 µm and a 
geometry of the type SNMA 120408 was used. Due to the tool holder, the rake angle was 
set to γ = 0°; therefore, a clearance angle of α = 15° was ground on the tool. Additionally, 
the cutting tool had a symmetric cutting edge rounding of 𝑆𝑆̅ = 37 µm. Every cutting ex-
periment was repeated twice. A detailed description of the measurement errors of the 
method for determining the normal and tangential stress at the cutting edge can be found 
in [29]. The measurement uncertainty for the normal stress at the rake face was 6.3%. Due 
to the short cutting time of 0.06 s, geometric changes to the cutting wedge caused by a 
wear-like crater or flank wear were negligible. 

 
Figure 3. (a) Planing test rig and (b) experimental setup for high-speed recordings of chip formation. 
(c) Preparation for the workpiece according to Bergmann [29]. 
Figure 3. (a) Planing test rig and (b) experimental setup for high-speed recordings of chip formation.
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3. Results and Discussion
3.1. FTIR Results

The FTIR spectral analysis of cutting fluids, including CSF 35, Vasco 6000, and
Zubora 67H, revealed distinctive features, as shown in Figure 4. CSF 35 exhibited a no-
table absence of O-H bending, unlike Vasco 6000 and Zubora 67H, where a pronounced
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O-H group was observed at 3362 cm–1, indicating higher water content. Additionally,
CSF 35 displayed C-H bending at 2922, 2852, 1463, 1380, and 724 cm–1, along with a strong
carbonyl group (C=O) at 1745 cm–1 and C-O functional groups at 1163 and 953 cm–1.
The CSF 35 FTIR spectrum confirmed its ester-based nature, as shown in Figure 4a.
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In contrast, Vasco 6000 and Zubora 67H spectra demonstrated differences, as depicted
in Figure 4b. Both exhibited a wide O-H group at 3362 cm–1, with Vasco 6000 displaying
a stronger peak, suggesting variations in water content. Similar C-H stretching bands
were observed with lower intensities, accompanied by an additional peak at 690 cm–1.
Notably, Zubora 67H showed a barely observable carbonyl group at 1741 cm–1, while
Vasco 6000 presented a significant carbonyl peak at 1643 cm–1. The appearance of the
amide group II, indicated by N-H bending and C-N stretching vibrations at 1540 cm–1,
suggested the incorporation of amide compounds in the base-oil, such as alkanolamines.
Peaks at 1248 and 1083 cm–1 were attributed to phosphoric acid ester, aligning with manu-
facturer specifications.

3.2. Rheological Behavior

Figure 5 illustrates the viscosity–shear rate profiles of the applied MWFs across a wide
range of operational temperatures, including various shear rates. Initially, all cutting fluids
exhibited a Newtonian behaviour at temperatures of up to 40 °C. However, a transition
to non-Newtonian behaviour became evident, particularly in the emulsion-based oils, as
the temperature surpassed 40 °C, leading to an obvious shear thinning trend at 60 °C. This
shear-thinning characteristic became more pronounced at 80 °C and persisted up to 100 °C.
Notably, CSF 35 exhibited a remarkable thermal stability by maintaining its viscosity nearly
constant without significant changes across this temperature range.

Regarding shear thinning behaviour, it can mainly be considered a combination of
two main reasons. The first one involves the re-orientation of the hydrocarbon chains
in the emulsions, which reduces the viscosity value while the shear rate increases [30].
This phenomenon is linked to the dynamic rearrangement of molecular structures within
the emulsion, facilitating a more streamlined flow pattern. The other one is attributed to
the alignment of additives embedded in the emulsion’s structural matrix. This alignment
occurs along the direction of shearing flow, preventing collisions between particles and
contributing significantly to the observed shear-thinning phenomenon [31–33]. Despite the
limited literature, a previous study examined the shear-thinning behaviour of a drilling
paraffin-based suspension. The primary objective was to predict the gravitational separa-
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tion of solid particles within the cutting fluid. The study validated that the paraffin-based
suspension exhibited the anticipated shear-thinning behaviour [34].
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Figure 5. Dynamic viscosity behaviour at different shear rates for each cutting fluid at (a) 20 ◦C,
(b) 40 ◦C, (c) 60 ◦C, (d) 80 ◦C, and (e) 100 ◦C.

Figure 6a depicts the temperature-dependent characteristics of each cutting fluid over
a broad temperature range. Notably, the dynamic viscosity values exhibited a substantial
reduction upon reaching 40 ◦C. Subsequently, the viscosity trend demonstrated a gradual
decrease until reaching 100 ◦C. A prominent observation is the apparent variation in
viscosity patterns, with Vasco 6000 displaying the highest viscosity and CSF 35 registering
the lowest. Based on this observation, a conclusion can be drawn regarding the efficacy of
emulsifiers and surfactants employed in emulsion-based oils, such as phosphoric acid ester,
which was confirmed by FTIR results. These additives play a crucial role in stabilising the
small droplets, preventing their easy separation or coalescence, distinguishing them from
the properties exhibited by CSF 35 oil [35,36]. The observed decline in viscosity at elevated
temperatures is principally ascribed to the weakening impact on molecular bonds inherent
within the oil structure due to the increased thermal energy. This leads to increasing the
fluidity and reducing shear resistance of the fluid [37,38].
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Figure 6. (a) Temperature-dependent viscosity behaviour and (b) viscosity index values for the
cutting fluids.

Regarding Figure 6b, it displays the viscosity index of the applied cutting fluids,
revealing the highest value for CSF 35. Subsequently, Vasco 6000 was observed, followed by
Zubora 67H, highlighting the ability of CSF 35 to hold its rheological behaviour over a wide
range of temperatures. Conversely, Zubora 67H, being a semi-synthetic emulsion, cannot
maintain its viscosity at higher temperatures. This distinct behaviour underscores the
effectiveness of Zubora 67H in facilitating easier chip removal, aligning with discussions
from prior investigations [39].

3.3. Frictional Characteristics

Figure 7 depicts the average coefficient of friction in dry conditions across three
applied pressures at varying sliding speeds. The results indicate a consistent rise in
frictional behaviour with increasing sliding speed under loading conditions up to 1 GPa,
resulting in a COF increase of up to 85%. However, a contrasting trend emerged when
the loading condition surpassed 1 GPa, showing a notable reduction of nearly 20% in the
COF value. Moreover, it is noteworthy that the observed COF range aligned closely with
that encountered in actual metal cutting operations, particularly at the point of maximum
contact pressure, falling within the range of 0.40 to 0.49. This relation highlights the practical
relevance and applicability of the study’s findings to real-world metal cutting scenarios,
which is to be shown in the next subsections.
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The observed trend of the decreasing coefficient of friction (COF) at 2 GPa finds support
in the existing literature, offering valuable insights into this phenomenon. Rech et al. [40]
anticipated this trend, and experimental confirmation was subsequently provided by
Zemzemi et al. [8]. The latter researchers attributed this behaviour to the heightened
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dissipation of frictional heat at elevated sliding speeds (up to 4 m/s), particularly in the
secondary shear zone under a contact pressure of 2.5 GPa. This suggests that as sliding
speeds increased, there was a corresponding increase in the dissipation of heat generated
by friction, contributing to the reduction in COF.

In another investigation, the adoption of identical workpiece and cutting tool materials,
albeit with a different open tribotester, yielded analogous findings. The study reported a
consistent trend, noting a decrease in the coefficient of friction (COF) during tests conducted
at higher pressures, spanning from 2 GPa to 3.5 GPa. The observed behaviour persisted with
increasing sliding speeds across a range from 0.1 m/s to 4 m/s. The researchers attributed
this phenomenon to the minimal impact of surface irregularities or micro-features on the
friction coefficient, particularly at elevated sliding velocities, reaching up to 1.5 m/s. These
irregularities appeared to be less influential under high-speed conditions, likely due to
being carried away by the rapid motion [7].

Furthermore, Lakner et al. [28] shifted their focus to the influence of plastic defor-
mation and subsequent thermal softening as key factors in diminishing the coefficient
of friction (COF). The research conducted a thorough comparative analysis of frictional
behaviour, examining two distinct workpiece materials, Ti-6Al-4V and 42CrMo4 + QT, in
conjunction with a cemented carbide tool coated with TiCN. Under conditions of higher
pressures (of up to 1.5 GPa) and sliding speeds, the study suggested that plastic deformation
at the contact interface could induce thermal softening. This transformative process renders
the material more pliable, resulting in a remarkable reduction in frictional resistance and,
consequently, contributing to the observed decline in COF.

Figure 8 illustrates the frictional characteristics of each cutting fluid under various
normal pressures and sliding velocities, in comparison to the dry condition. At the lowest
pressure of 0.5 GPa, the frictional trend consistently increased for all lubrication condi-
tions, aligning with the behaviour observed in the dry case. Nevertheless, a notewor-
thy decrease in the friction coefficient was observed in the lubricated condition, ranging
from 11% to 64%, as compared to the dry case. Emulsion-based fluids exhibited the most
significant reduction, with Vasco 6000 showing a decrease of up to 45%, and Zubora 67H
recording a substantial reduction of 64%.
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Turning to 1 GPa, it was observed that the frictional trend showed a slight change
in the values when increasing sliding velocities, except for the values recorded at the
highest speed of 1.6 m/s, as shown in Figure 8b. However, the cutting fluids kept the
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same behaviour as the emulsion-based fluids, especially Zubora 67H, which showed
better performance compared to CSF 35 oil. In this case, the highest reduction percentage
accounted for up to 63%. Next came the uppermost contact pressure (Figure 8c), showing
a more stable trend across the sliding speed range for all cutting fluids. The maximum
reduction was fulfilled at this case by reaching up to 78% for Zubora 67H.

The primary mechanism driving the reduction in coefficients of friction (COF) is
attributed to the formation of a physical barrier facilitated by the presence of longer
hydrocarbon chains in ester-based fluids. These longer chains, enriched with prominent
C-H groups, created a robust protective layer, thereby reducing friction. Additionally,
the polar nature of carbonyl groups enhanced adsorption of the hydrocarbon chains onto
the metal surface, contributing to the overall friction reduction [41–43]. In the case of
emulsion-based oils, the friction-modifying effect is associated with the presence of polar
additives, such as hydroxyl stretching band (O-H) and N-H, as well as C-N amide groups
introduced through alkanolamides. Moreover, the FTIR spectrum revealed the presence
of phosphorous-based additives, consistent with the manufacturer specifications, with no
indications of sulphur or chlorine. This confirms that the EP (extreme pressure) additives
in the emulsions were phosphorous based. Notably, Zubora 67H displayed a significant
presence of phosphorous-based additives. These EP additives are significantly activated at
extreme conditions, such as higher loading conditions and speeds, leading to a chemical
reaction with the metallic surface and the forming of a robust thicker boundary film. This
boundary film may contain iron phosphate, iron oxide, and organic phosphine [44].

This observation was validated by Ma et al. [45] through a comparative analysis of
two cutting fluids during the drilling process of Ti-6Al-4V. Their study revealed that the
utilisation of the cutting fluid with elevated levels of EP additives under increased drilling
conditions resulted in the formation of irregularly dispersed and thicker phosphorous
layers, alongside a thin boundary film, on the flank surface of the tool. They attributed the
formation of the phosphorous tribofilm to the heat generated at high drilling speeds, which
promotes the chemical reaction with the metal surface. Also, in the same investigation, they
applied another fluid, namely, polymer-based ester. As per their discussion, the tribofilm
generated in the polymer-based ester primarily consists of carbon, accompanied by some
traces of oxygen. This observation suggests a potential similarity in the case of CSF 35.

Another study, conducted by Luka et al. [46], validated the proposed percentage of
friction coefficient reduction. They utilised an open tribotester to evaluate the frictional
behaviour of identical workpiece and cutting tool materials as those used in this study.
Their findings revealed a comparable reduction of up to 74% in the friction coefficient when
employing a 5% emulsion, in contrast to dry conditions. Additionally, they confirmed a
similar decreasing trend in friction coefficient values as sliding speeds increased, aligning
closely with the range of COF values observed in this work.

3.4. Wettability Analysis

In Figure 9, the interaction between the droplet of each applied MWF and the work-
piece material surface is depicted. Notably, CSF 35 oil displayed the highest contact angle,
measuring up to 400, indicating its relatively lower wettability. Conversely, emulsions like
Vasco 6000 and Zubora 67H exhibited easier droplet spreading, evidenced by reductions in
the contact angle by 33% and 65%, respectively. This wettability behaviour of synthetic and
semi-synthetic cutting fluids was confirmed in a previous work [47]. Hence, Zubora 67H
was proven to be the optimal choice as a MWF in the secondary shear zone due to its
exceptional wettability characteristics and its lowest viscosity index, leading to its superior
performance in the secondary shear zones.

The improved wettability observed in synthetic and semi-synthetic emulsion cutting
fluids is primarily attributed to the specific chemical composition inherent in the emulsion
structure [48]. According to the supplier specifications and FTIR results, this composition
typically consists of surfactants and various additives, such as carboxylic acid [49] and
alkanolamides, which enhance the dispersion of oil in water [50]. This enhanced dispersion
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significantly improves the spreadability of oil droplets across the metal surface by effectively
reducing the surface tension of the oil droplets [51]. This reduction in surface tension
promotes easier and more uniform coverage on the material being worked upon.
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Moreover, the molecular structure within the emulsion exhibits a higher level of
affinity towards the metal surface, owing to the presence of some compounds, such as
phosphoric acid esters [52]. This chemical affinity allows the emulsion molecules to align
and adhere more uniformly to the metal surface. As a result, this enhanced adhesion
amplifies the overall wettability, facilitating improved interaction and coverage across the
metal surface.

Regarding Zubora 67H type, it has higher amounts of polar additives, according to
the manufacturer specifications. The presence of these polar additives, typically containing
functional groups like hydroxyl (−OH), carbonyl (C=O), or other polar moieties, serves to
strengthen the affinity of the lubricant to metal surfaces. The polar nature of these additives
enables them to form stronger bonds or interactions with the metal surface. Conversely, the
non-polar end of these molecules involves longer fatty acid chains orienting themselves
away from the metal surface and towards the oil or lubricant [53]. This increased interaction
leads to improved adhesion, ensuring a more effective and reliable coating of the lubricant
on the metal surfaces.

3.5. Comparison with In Situ Measured Coefficient of Friction during Orthogonal Cutting

The planing test rig is used to measure the process force and to calculate the local
normal stress σ and tangential stress τ at the cutting edge according to the method of
Bergmann [29]. This method was used in [54] to determine the internal stresses of the
cutting wedge during planing, as well in order to determine the mechanical load in wet
metal cutting [55] and in combination with FE-based simulations to determine wear-
optimised cutting edge microgeometries [56]. In the experiments, the cutting speed (Vc) is
varied in three steps. The sliding speed of the chip (Vchip) on the rake face can be calculated
according to Merchant, as shown in Equation (3) [57].

Vchip = (sin φ/cos(φ − γ))Vc, (3)
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where φ is the shear angle, γ is the rake angle, and Vc is the cutting speed. The shear angle φ

is measured via the high-speed recordings during the planing experiments.
In Figure 10, the normal and tangential stress in dependence of the cutting speed Vc

during dry cutting is shown. Due to low forces and the associated high measurement
uncertainty in the area of the detachment point of the chip on the rake face, areas for normal
stresses σ below 0.5 GPa were not considered. Because of high plastic deformation at the
cutting edge, coulomb-friction is not applicable [58]. Therefore, the local friction coefficient
was calculated only on the rake face of the tool in the secondary shear zone. In this area,
the local COF can be determined according to Equation (4).

µ = σ/τ, (4)

where σ is the normal stress, τ is the tangential stress, and µ is the COF.
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It can be seen that constant normal stresses were measured in the area of the cutting
edge, whereas there was a regressive decrease in normal stress in the area of the secondary
shear zone on the rake face of the tool. The maximum normal stresses occurred indepen-
dently of the cutting speed in the area of the cutting edge rounding. At a cutting speed
of Vc = 0.667 m/s, a maximum normal stress of 3.11 GPa was reached. As the cutting
speed increased, the maximum normal stress decreased due to the thermal softening of
the material as a result of higher relative speeds and, consequently, friction. The behaviour
of the COF varied from the findings in the open tribotesting, except for its validation
at 0.4 m/s. This was mainly due to the sliding speed change, which significantly reduced
the normal pressure. However, in the open tribosystem, the hypothesis was established by
keeping the pressure value constant at different sliding speeds, considering the constraint
that the open tribotester can only achieve a maximum normal stress of 2 GPa.

With regard to the maximum tangential stress, there was an increase as the cutting
speed increased. At the cutting edge, there was a point where the tangential stress was
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equal to zero. At this point, there was no material flow, and therefore no Coulomb-COF
was able to be calculated. In regions near to this point, there was a high amount of plastic
deformation and separation occurring. As a result, the local coefficient of friction was
only calculated on the rake face of the tool in the secondary shear zone where the plastic
deformation of the chip was negligible.

Figure 11 illustrates the coefficient of friction (COF) trend behaviour at 0.5 and 1 GPa
across a broad range of sliding speeds. In situ COF values, derived from the actual metal
cutting process, exhibited a similar increasing pattern to those measured by the open
tribometer. However, a notable difference of up to 33% in COF values was observed.
This disparity is attributed to significant variances in the temperature and temperature
gradient within the secondary shear zone compared to the open tribometer conditions. This
finding aligns with assertions made in previous research articles [8,12,17], where authors
highlighted challenges in replicating the same pressure and temperature gradient between
rubbing contacts using tribotesters, particularly due to variations along the secondary
shear zone.
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The study suggests that addressing the pressure effect is achievable by tailoring the
pressure value using a high-pressure range tribotester (open tribotester) to mimic specific
regions in the secondary shear zone. This approach enables the prediction of COF values
while considering the associated error. However, controlling the temperature gradient
necessitates variations through a heating system to simulate the actual cutting conditions,
providing a potential path for future research to enhance experimental accuracy and
reproducibility in this critical parameter.

4. Conclusions

In this comprehensive investigation, the frictional behaviour within the secondary
shear zone was thoroughly explored using a customised ball-on-disc open tribometer. The
key findings are summarised as follows:

• All applied cutting fluids experienced Newtonian attitude at up to 40 °C. At 60 °C, the
emulsion-based oils started showing shear thinning behaviour, and this phenomenon
significantly increased, especially for Zubora 67H, as the temperature increased further.

• CSF 35 displayed the lowest dynamic viscosity, attributed to the absence of certain
polar additives found in emulsions. However, it can sustain viscosity at higher tem-
peratures, thanks to its highest viscosity index.

• The COF obtained from tribometer testing in dry conditions showcased a noteworthy
increase at contact pressures of up to 1 GPa. However, at 2 GPa, the COF trend exhib-
ited a marked decrease. This reversal could potentially be ascribed to three factors:
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increased heat dissipation at higher speeds, a reduced impact of surface irregularities
on the friction coefficient, and thermal softening resulting from increased pressure.

• COF values under lubricated conditions highlighted the capability of emulsion-based
oils, particularly Zubora 67H, to achieve a reduction of up to 78%. This reduction was
attributed to the influence of polar additives enhancing frictional behaviour.

• The physical characteristics of the applied MWFs were evaluated by measuring the
contact angle with the steel surface. Emulsions, especially Zubora 67H, demonstrated
a significant improvement in wettability characteristics, evidenced by a 65% reduction
in the contact angle compared to CSF 35.

• The local coefficient of friction in the secondary shear zone of the rake face can be
calculated due to high-speed recordings and measurements of the process forces.

• The in situ-measured COFs in cutting showed the same trend as the measured COFs on
the open tribometer regarding an increase in the relative velocity. However, there was
a difference in the absolute values due to the high temperature and high temperature
gradients in the cutting processes which were not present at the open tribometer.

A key recommendation for future investigations involves addressing temperature
fluctuations within the rubbing contact. This strategic focus aims to enhance the precision
of simulating real cutting conditions using the constructed open tribotester, with an an-
ticipated consequential reduction in the calculated error. This emphasis on temperature
control highlights a commitment to refining experimental methodologies for more robust
and accurate outcomes in subsequent research endeavours.
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